Materials in steam turbine rotors are subjected to cyclic loads at high temperature, causing cracks to initiate and grow. To allow for more flexible operation, accurate fatigue models for life prediction must not be overly conservative. In this study, fully reversed low cycle fatigue tests were performed on a turbine rotor steel called FB2. The tests were done isothermally, within temperature range of room temperature to 600 • C, under strain control with 0.8-1.2 % total strain range. Some tests included hold time to calibrate the short-time creep behaviour of the material. Different fatigue life models were constructed. The life curve in terms of stress amplitude was found unusable at 600 • C, while the life curve in terms of total strain or inelastic strain amplitudes displayed inconsistent behaviour at 500 • C. To construct better life model, the inelastic strain amplitudes were separated into plastic and creep components by modelling the deformation behaviour of the material, including creep. Based on strain range partitioning approach, the fatigue life depends on different damage mechanisms at different strain ranges. This allowed the formulation of life curves based on plasticity or creep domination, which showed creep domination at 600 • C, while at 500 • C, creep only dominates for higher strain range.
Introduction
The efficiency potential of steam power plants depends on the materials used. This is due to the limitations imposed by the material's mechanical properties at high temperatures. Raising the temperature and the pressure of the steam inlet to the turbine increases efficiency but significantly shortens the life of the turbine components. A development of steels to withstand higher temperatures is important, and the steel class of 9-12 % Cr is a good candidate owing to its creep resistance at high temperatures. The enhancement of this steel class has achieved the requirements for Ultra-Supercritical (USC) power plants, which have steam inlet parameters of 600-620 • C and 300 bar Augusto Di Gianfrancesco (2017); Holdsworth (2004) .
The European efforts for the development of creep-resistant steels were explored under the COST programs (Cooperation in the field of Science and Technology). During COST 522 (1998 -2003 , stable tempered martensitic steel was successfully introduced with high resistance to creep up to 625 • C, allowing for the production of USC power plants. This new steel grade is known as FB2, with the designation 9CrMoCoVNbNB or X13-CrMoCoVNbNB9-2-1 (German designation), and is used as a turbine rotor material Kern et al. (2008) ; Augusto Di Gianfrancesco (2017). To remedy the limited literature availability on the mechanical properties of FB2, this study investigates the fatigue life and short-time creep behaviour of this material.
Generally, turbine rotor components undergo cyclic loading, due to the start-up/shut-down cycle. To increase the steam turbine operational life and establish suitable maintenance intervals, accurate and less conservative fatigue life models for high temperatures are required. For that, low cycle fatigue (LCF) tests, both with and without hold time, are used. Yimin and Jinrui (1992) investigated the LCF behaviour of 30Cr2MoV rotor steel at high temperatures, and stressed the importance of designing rotors based on cyclic conditions, while taking the creep properties of the material into account. High-temperature fatigue analyses on the 9-12 % Cr steel class were done by Mishnev et al. (2015) and Guguloth et al. (2014) , and showed that martensitic steels experience a cyclic softening behaviour at all temperatures. Fatigue life models, such as the Manson-Coffin and Basquin relations, were also studied by these authors. Cyclic loading of materials above the yield limit produces plastic straining, but at high temperatures, the creep contribution becomes significant and has to be taken into account. A creep-fatigue interaction analysis is usually used to quantify the respective contributions of creep and fatigue damage Vacchieri (2016) . The strain range partitioning (SRP) approach is one method for separating the inelastic strain range into plastic and creep components Manson and Halford (1971) , which are subsequently used for fitting the life. It was shown by Mishnev et al. (2017) that lower strain rates produce larger in-elasticity at high temperature for creep-resistant martensitic steel. This could be attributed to the creep, as the material spends longer time at high stresses. Thus, partitioning the inelastic strain helps to characterise the material behaviour and better predict the fatigue life.
In this study, the creep behaviour of FB2 is modelled to produce an enhanced finite-element (FE) model for the midlife cyclic curve of LCF at high temperatures. The parameters of this model are fit to data from LCF tests presented in this study. The analysis aims to separate the creep strain from plastic strain in the FE analysis, which helps to better explain the fatigue behaviour.
Experiments
The used material (rotor steel FB2) is a forged martensitic steel with quality heat treatment (QHT) of austenitising at 1100 • C and water spray, with first tempering at 570 • C, and second tempering at 690 • C. The nominal chemical composition of FB2 is compiled in Table 1 . The experimental tests were carried out using smooth, button-head cylindrical specimens shown in Fig. 1 . The specimen has a gauge length of 15 mm, and a diameter of 6 mm. For this study, 13 tests were performed using fully reversed load. The tests were performed isothermally at different temperatures and total strain ranges, ∆ε t , as listed in Table 2 . Strain control was used for all tests, with a strain rate of ±10 −3 1/s, and the specimens were run until failure by rupture, where the number of cycles to failure, N f , were determined at 25 % drop in the maximum stress. The tests with hold time were performed similarly to the other tests, except a hold time was added at both the maximum and minimum stress of each cycle, permitting for stress relaxation in both tension and compression.
All the tests were run using an MTS servo hydraulic machine, and the total strain of the specimen was measured using an Instron 2632-055 extensometer, that was fixed within the gauge length while the load was recorded by the control system (Instron 880). For the high-temperature tests, the specimen was enclosed by an MTS 652.01 furnace equipped with multiple heat units and sensors to keep the temperature of the specimen constant during testing. 
Results and discussion
The material exhibited cyclic softening, which accelerated with an increase in temperature. The mid-life hysteresis loops for all performed tests are presented in Fig. 2 . The effect of temperature is clear: an increase in temperature reduces the stress range substantially, whereas the inelastic strain range increases with temperature for both strain levels. The increase in ∆ε t produces a higher stress range for low temperatures but this effect becomes very small at 600 • C. The hysteresis cycle for LCF tests with hold time indicates a stress relaxation behaviour at both the maximum and minimum stress of the cycle, where the amount of stress relaxation increases with temperature. The addition of a 5 min hold time reduces the number of cycles to failure, N f , as compared to LCF tests without hold time (see Table 2 ). The hold time also exposes the specimen to the high temperatures for longer time, which makes the stress range at mid-life for tests with hold time drop even lower than those without hold time. This effect is mainly due to the increase in creep damage when a hold time was added. The stress relaxation behaviour seen in tests with hold time can be used to extract the creep properties of the material. Fatigue life based on the experimental results taken from the mid-life cycles is analysed using the Manson-Coffin-Basquin relation, which utilise a presumed relation of the elastic and inelastic strain amplitudes to the number of cycles to failure as
where ∆ε e and ∆ε ie are the elastic and inelastic strain ranges, respectively, while ∆σ is the stress range, and E is the elastic modulus of the material. According to the Basquin relation
where σ f and b are the fatigue strength coefficient and exponent, respectively, which are temperature-dependent material constants. Moreover, the Manson-Coffin relation gives
where ε f and c are the fatigue ductility coefficient and exponent, respectively, which are also temperature-dependent material constants. Figure 3 shows the fatigue life models for (a) Basquin, (b) Manson-Coffin and (c) Manson-Coffin-Basquin. The number of data points available is limited, however, two repeated tests (see Table 2 ) showed little scatter and it is believed that the fitted fatigue life models are reasonably accurate. The Basquin relation shows a clear separation for different temperatures. However, the stress amplitude is almost constant for high temperatures, i.e. 600 • C, which makes the Basquin relation unsuitable for life prediction for the intended application. The models by Manson-Coffin and Manson-Coffin-Basquin exhibit better potential for life prediction, but an unexpected behaviour was observed at 500 • C. The life of 500 • C tests with low strain range is within the regime of lower temperature life behaviour, while an increase in the total strain range shifts the life of 500 • C to a different damage behaviour similar to that of 600 • C tests. This anomalous behaviour of 500 • C suggests the existence of a transition between plasticity-dominated and creep-dominated regime of fatigue damage. This is supported by Azeez et al. (2019) who found, for the same material, that creep damage was prevalent at 600 • C but did not occur at 400 • C. The observed creep damage also indicates that this anomalous behaviour is not mainly an environmental effect. An assumption here is that the life at 500 • C is affected by creep damage at high total strain ranges. Following a similar approach to SRP, in which the inelastic strain amplitude is separated into plastic and creep components, a better fatigue life model could be achieved. In the present work, the inelastic strain is partitioned using an FE analysis. The mid-life hysteresis cycle was modelled using a nonlinear kinematic hardening model with two back-stresses, available as a built-in constitutive model in the FE software ABAQUS Dassault Systemes (2016) . The elastic modulus of the material was calculated from the initial monotonic loading in the first cycle. Furthermore, the creep behaviour of high-temperature cycles was modelled using Norton's power laẇ ε cr,h = Aσ h n (4) whereε cr,h is the creep strain rate during the hold time, and σ h is the stress during hold time, while A and n are fitting parameters. Within the hold time interval t h,0 ≤ t ≤ t h,f , with t being time, the total strain is constant, and the plastic strain is assumed to be constant, while the creep strain increases equally to the decrease in elastic strain. Thus, the creep strain rate,ε cr,h , becomes equivalent but opposite in sign to the elastic strain rate,ε e,h , within this region, i.e., ε cr,h = −ε e,h . Substituting this relation in Eq. (4) and integrating both sides from t h,0 to t h,f gives
The material constants A and n were obtained by minimising the square of the residual of Eq. (5) using a simplex search method, see fminsearch MathWorks (2019), with a trapezoid quadrature for the integral. The fitted parameters are presented in Table 3 . The modelled and the measured hysteresis loops for the LCF tests compare fairly well (see Fig. 4 ). The implemented model includes both plastic and creep behaviour, enabling the inelastic strain to be separated into plastic and creep strain. This allowed for determining the plastic strain amplitude, ∆ε p /2, and the creep strain amplitude, ∆ε cr /2, of the modelled mid-life cycles, which are plotted against N f in Fig. 5 (a) and (b), respectively, using a Manson-Coffin-type equation. The material experiences relatively high creep at 600 • C, whereas there is almost no creep at 400 • C and below, for both high and low strain ranges. On the other hand, at 500 • C, the creep is highly dependent on the strain range applied. There is higher creep strain for ∆ε t = 1.2 % which reduces the life of 500 • C and pushes it toward the 600 • C curve. At ∆ε t = 0.8 % the creep is low enough to push the life of 500 • C toward that of 400 • C and below. This transition at 500 • C, between creep and non-creep dominated damage, depends on the strain range applied, which suggests the existence of two fatigue damage mechanisms. Thus, by implementing a fatigue life model which takes this transition into account, two fatigue life curves could be established, one in terms of ∆ε p which includes all the tests that are negligibly affected by creep, and the other in terms of ∆ε cr which include the tests that experience large creep strain, as shown in Fig. 5 (c) . This fatigue life model can thus be separated into two regions, plasticity-dominated and creep-dominated, which are determined by the 95 % confidence limits.
Conclusion
The rotor steel FB2 was tested in LCF, both with and without hold time. The material behaviour at mid-life was modelled and the LCF tests with hold time were used to extract short-time creep properties. Fatigue life models based on stress or strain from the experimental mid-life cycles were presented and seemed to work excellently for low temperatures (400 • C and below). At high temperatures, complications were introduced to the fatigue life analysis, which is mainly influenced by the significant amounts of creep. Neither the stress amplitude, the inelastic strain amplitude, nor the total strain amplitude can be used as a predictive tool for LCF within the strain and temperature ranges relevant to steam turbine rotor materials operating at ultra-supercritial steam conditions. A partition of the inelastic strain amplitude into a plastic and a creep components is possible through FE analysis. By separately considering the effects of plastic strain amplitude and creep strain amplitude on the number of life cycles, two regimes of fatigue damage can be identified, and the transition between these depends on both temperature and total strain range applied. A plasticity-dominated regime is observed for 400 • C and below, and for the small total strain range at 500 • C. Outside these conditions, creep dominates fatigue life. It is anticipated that the creep properties are pivotal to the fatigue life of FB2 in the high-temperature conditions of ultra-supercritial steam turbine rotor applications.
